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This thesis describes a comprehensive study of understanding the mechanism of rigidity sensing by
quantitative analysis using submicron pillar array substrates. From mechanobiology perspective, we
explore and study molecular pathways involved in rigidity and force sensing at cell-matrix adhesions
with regard to cancer, regeneration, and development by quantification methods.
In Chapter 2 and 3, we developed fabrication and imaging techniques to enhance the perfor-
mance of a submicron pillar device in terms of spatial and temporal measurement ability, and we
discovered a correlation of rigidity sensing forces and corresponding proteins involved in the early
rigidity sensing events. In Chapter 2, we introduced optical effect arising from submicron structure
imaging, and we described a technique to identify the correct focal plane of pillar tip by fabricating
a substrate with designed-offset pillars. From calibration result, we identified the correct focal
plane that was previously overlooked, and verified our findings by other imaging techniques. In
Chapter 3, we described several techniques to selectively functionalize elastomeric pillars top and
compared these techniques in terms of purposes and fabrication complexity. Techniques introduced
in this chapter included direct labeling, such as stamping of fluorescent substances (organic dye,
nano-diamond, q-dot) to pillars top, as well as indirect labeling that selectively modify the surface
of molds with either metal or fluorescent substances.
In Chapter 4, we examined the characteristics of local contractility forces and identified the
components formed a sarcomere like contractile unit (CU) that cells use to sense rigidity. CUs were
found to be assembled at cell edge, contain myosin II, α-actinin, tropomodulin and tropomyosin
(Tm), and resemble sarcomeres in size (∼2 m) and function. Then we performed quantitative
analysis of CUs to evaluate rigidity sensing activity over ∼8 hours time course and found that
density of CUs decrease with time after spreading on stiff substrate. However addition of EGF
dramatically increased local contraction activity such that about 30% of the total contractility was
in the contraction units. This stimulatory effect was only observed on stiff substrate not on soft.
Moreover, we find that in the early interactions of cells with rigid substrates that EGFR activity
is needed for normal spreading and the assembly of local contraction units in media lacking serum
and any soluble EGF.
In Chapter 5, we performed high temporal- and spatial-resolution tracking of contractile forces
exerted by cells on sub-micron elastomeric pillars. We found that actomyosin-based sarcomere-like
CUs simultaneously moved opposing pillars in net steps of ∼2.5 nm, independent of rigidity. What
correlated with rigidity was the number of steps taken to reach a force level that activated recruit-
ment of α-actinin to the CUs. When we removed actomyosin restriction by depleting tropomyosin
2.1, we observed larger steps and higher forces that resulted in aberrant rigidity sensing and growth
of non-transformed cells on soft matrices. Thus, we conclude that tropomyosin 2.1 acts as a sup-
pressor of growth on soft matrices by supporting proper rigidity sensing.
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Chapter 1
Background and motivation
1.1 Rigidity of microenvironments affects cellular response and
relevance to physiological systems
There has been increasing evidence that organ formation, tissue regeneration, tissue aging and
repair are the ultimate result of dynamic interaction between cells and their microenvironment,
including not only hormones but also the extracellular matrix (ECM) and mechanical cues. Rigidity
of the microenvironment as one of the mechanical cues that is critical to cells influences cell polarity,
metabolism, fate, differentiation and migration [1].
The rigidities of tissues vary over a wide range from brain tissue as soft as 0.1-10 kPa to
bone which is as stiff as 1000-30,000,000 kPa [2] that implies cells have rigidity preferences. One
prominent example is mesenchymal stem cells differentiation is directed by the rigidity of the
extracellular matrix [3]. In the 1950s, it was first shown that cancer cells can grow in soft agar in
an anchorage-independent manner, whereas most non-cancerous cells cannot. This distinguishing
phenomenon between transformation cells and normal cells reveals an aberrant rigidity sensing
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capability in cancerous cells.
1.2 Force sensing in cells: mechanotransduction and mechanosens-
ing
As mentioned previously, one hallmark of cancer cells is the malfunction in sensing the underlying
substrate rigidity that highlights the significance of understanding how cells sense rigidity.
There has been evidence showing that cells constantly probe the rigidity of their microenviron-
ment by applying forces to it and respond to the deformation of the attached material or counter
force accordingly. During the rigidity sensing process, a mechanical stimuli is converted into bio-
chemical signals through mechanotransduction events [4]. Adhesion receptors (usually integrins in
case of cell-matrix adhesion) located on the external cell membrane bind to the surface molecules
(ECM components). The strength of this adhesion is then converted to force-induced conforma-
tions within mechanosensory molecules. These molecules are linked to a network of cytoskeletal
filaments, through which the force can be transmitted.
There are two types of mechanosensing: active and passive. Passive mechanosensing is an
‘outside-in’ process, which is defined by external forces (such as tension, compression and shear
stress) being detected and transduced into the cell. Active mechanosensing is known as the ‘inside-
out’ mechanosensing and is defined by internal forces being generated by cytoskeleton then applied
to the ECM through integrins. Rigidity sensing process involves both of the types that form a
feedback system. The strength of initial mechanosensing event stimulates a feedback system - the
greater the forces cell senses the more forces generated by cells that further strengthen the adhesions
between ECM and cytoskeleton.
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Figure 1.1: Schematic of mechanotransduction. Mechanotransduction converts mechanical stimuli
such as substrate rigidity into chemical signals and forms a feedback system [4].
1.3 Measurement of cellular forces using pillar substrate
The phenomenon of fibroblasts migrates towards rigid substrates [1] reveals that cells probe the
substrate rigidity locally. To this end, techniques are needed that are sensitive enough to measure
the mechanical forces at subcellular level. Tools using acrylamide gels embedded with fluorescent
beads [5] to mark the deformation of the substrate were developed to measure the deformation
caused by forces cells exerted to it. By changing the crosslinking property of acrylamide gels,
studies show that adhesion size and stability are affected by rigidities [6]. Similar devices such as
micro-contact printing of elastic substrate also measure forces by tracking deformation of underlying
substrate. However, drawback with the continuous substrate approach is because it based on finite
element analysis that requires interpolation of force map, measurement is less accurate [7].
One tool that overcomes the limitation in a continuous substrate is a bed of microfabricated
pillars [8] (Fig. 1.2). In this technique, array of elastomeric pillars are used as force sensors.
Function as cantilevers, pillars can be bent by cells attached to them. When cells are cultured on
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these arrays, they adhere to the top of the pillars and exert forces to bend them to certain amount
of displacement depending on the stiffness [9].
Figure 1.2: Elastomeric pillar arrays for force measurement. (a) SEM image of a cell adhered to
the top of pillars and pulled them by exerting forces; the bending cantilever beam equation to
calculate the force and its relationship with pillar stiffness. (b) SEM images of cells lying on the
top of PDMS pillar arrays with various dimensions [8, 9].
With this pillar arrays device, quantitative analysis of cellular forces can be achieved in real
time, which provides abundant information about the dynamics of how cells respond to varieties
of signals in the form of forces. Additionally, given the innate feature of cantilever beam, a broad
range of stiffness can be achieved by varying the geometry of pillar (diameter and length)- high
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aspect ratio leads to soft pillars and low aspect ratio - with the chemistry property of substrate
intact, thus allows quantitative analysis of cellular responses to various rigidities.
1.4 Results from submicron pillar substrates: cell rigidity sensing
by local contraction forces
Previous studies from our lab have established our capability of fabricating pillar array substrates
using nanofabrication techniques [10]. The central part of the work involves fabrication of silicon
molds with arrays of holes by photolithography. Then elastomeric pillars are molded from these
masters. Diameter of pillars ranges from 0.5 µm to 2 µm with effective stiffness that fibroblast cells
are sensitive to. Displacement of pillars was recorded by video microscopy followed by quantification
analysis using MATLAB program.
Based on this methodology, a dynamic force map was generated. Analysis of the force distri-
bution shows striking result: submicron pillars are locally (normally within 2 µm distance) pulled
towards each other whereas micron pillars are pulled towards the center of cell (Fig. 1.3 A-D);
submicron pillars are pulled to a constant distance (∼60nm) regardless of pillar stiffness whereas
micron pillars are pulled proportionally to the rigidity [11] (Fig. 1.3 E-F).
The work presented here shows that cells use local contraction forces to sense rigidity locally.
These local contraction forces are dynamic and transient (∼20 s - 60 s) in the temporal scale, and
only can be observed on submicron pillar arrays due to their spatial size (∼2 µm, Fig. 1.3 G).
Additionally, we observed focal adhesions formation on submicron and micron pillar substrates
during the early phase of cells spreading (<30 min). Within the region 1-4 µm from cell leading
edge, adhesion protein enriched on the edge of pillar with diameter of 2 µm but on the top of
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Figure 1.3: A and B: spatial distribution of forces in the lammelipodium of fibroblast on pillars with
diameter of 1 µm and 0.5 µm respectively. C and D are magnified view of A and B. E: magnitude
of pillar displacement with respect to time on various stiffness substrates. Left is 1 µm diameter;
right is 0.5 µm diameter. F: maximum displacement of pillars with diameter of submicrometer and
micrometer. G: schematic of local contractile units formed by myosin and adhesion proteins.
pillar with diameter of half micron (Fig. 1.4). When the pattern of focal adhesion is compared
with that on flat surface, the remarkable results indicate that submicron pillar substrates resemble
continuous substrate.
These data demonstrated that submicron pillar substrates, which not only resemble continuous
surface but also provide high spatial resolution to measure local contraction forces and observe local
contractile units, should be adopted as a tool for further understanding the mechanism of rigidity
sensing in a quantitative way.
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Figure 1.4: Immunofluorescence staining of paxillin of cells spread for 25 min on 2 µm and 0.5 µm
pillar substrates with equivalent stiffness, and on flat substrate [11].
1.5 Issues with submicron pillar substrates: optical effect
In order to capture the transient and dynamic rigidity sensing events happened at 20-60 seconds
time scale, position of pillars top was recorded by optical microscopy at 1 HZ. A high spatial
resolution measurement of pillar displacement is also required to meet the need of detecting the
small movement of pillars top (maximum displacement of ∼60 nm). As such, it is important to
evaluate the noise and source of error caused by factors other than cellular forces.
One of the major sources of error is lensing effect. It is arising from mismatch of refractive
index among cells, PDMS and medium. Transmission light is deflected when it comes through the
specimen, thus leads to the optical distortion of the observed pillar image. We use ultra-stiff pillar
substrates (D = 0.5 µm, H = 0.3 µm, k=680 nN/µm) that are not deformable to quantify how
much lensing effect contributes to the displacement measurement. The maximum displacements of
pillars measured from this ultra-stiff substrate is ∼15 nm which reflects the ‘fake’ movement caused
by lensing effect. This 25% error is acceptable when qualitative analysis such as only the direction
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of pillar movement is of interest, however it is not negligible when quantitative analysis is desired
to study the underlying mechanism of rigidity sensing at molecular level nanometer scale.
1.6 Goals of this study
The goal of this research is to perform a comprehensive study of understanding the mechanism of
rigidity sensing by quantitative analysis using submicron pillar array substrates. Also, we want to
understand the molecular pathways involved in rigidity and force sensing at cell-matrix adhesions
with regard to cancer, regeneration, and development by quantification method.
Chapter 2 and 3 describe fabrication and imaging techniques involved in enhancing the perfor-
mance of a pillar substrate device in the aspects of improving spatial and temporal measurement
accuracy in order to discover the correlation of rigidity sensing forces and corresponding proteins
involved. In Chapter 2, we quantified interference optical effect and identified the correct focal
plane of pillars top that should be used for tracking pillar movement on a microscopy with trans-
mission illumination light. Chapter 3 lists the techniques specialized in selective functionalization
of pillars top with applications in enhancing imaging quality and bio-functionalization.
Chapter 5 defines the characteristics of local contraction forces and important molecules involved
in local contractile units (CUs), and based on which describes a method of quantitatively analyzing
local contraction events as a new metric to study cells rigidity sensing activity. Importantly,
epidermal growth factor receptor (EGFR) is examined for its role in CUs formation that cells use
to sense rigidity.
Chapter 6 describes a novel technique involving high frequency analysis of pillar displacement
and shows the nanometer steps controlled by tropomyosin. It shed light on the machinery of rigidity
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sensing and shows its physiological significance particularly with regard to cancer.
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Chapter 2
Identify the focal plane of pillar top
2.1 Abstract
Submicron pillar arrays are found to be a useful tool for measurement of sub-cellular forces. Previous
studies show that local contraction forces cells use for rigidity sensing are observed on submicron
pillar substrates whereas micron pillars could not detect. However, when pillars dimension (500 nm
in diameter) falls within the scale of illuminating light (500∼700 nm), undesirable optical effects
such as interference and diffraction occur due to the periodic layout of pillar arrays. These optical
effects are not negligible; taking measurement on an incorrect focal plane may lead to significant
deviation from the real pillar tip displacement. Here we describe a technique for identifying the
correct focal plane of pillar tip by fabricating a substrate with designed-offset pillars. Based on the
calibration result with the designed pillar arrays, we identified the correct focal plane which was
previously overlooked, and verified our findings with other imaging techniques.
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2.2 Introduction
Previous studies from our lab show that cells test their environment rigidities by applying local
contraction forces to the substrate. Because these local rigidity sensing events only are observed on
submicron pillar arrays rather than the micron pillars, we proceed to use submicron pillar arrays to
further unveil the machinery of rigidity sensing. However, when pillar top movement is observed on
an inverted bright-field microscope with transmission illumination light, undesirable optical effect
originating from diffraction and interference occurs (Fig. 2.1). When we adjusted the objective
Figure 2.1: Transmission bright-field illumination on an inverted microscope.
position in Z direction (depth), at least three apparent focal planes (where images appeared having
the best contrast) of pillar arrays at different depths were observed. These focal planes, where
arrays of pillars appeared as bright and dark spots periodically (top-to-bottom), were 1.5 µm apart
and the constant spacing was irrespective of the lengths of pillars (Fig. 2.2 a). Since the spacing
between apparent focal planes is independent of the length of pillars (ranging from 500 nm to 1800
nm), these focal planes were not possible to be the image-planes corresponding to different sections
of pillars. The spacing between observed focal planes was further proved to be consistent with
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simulation of plane wave transmission light field where the two adjacent bright-spot focal planes
were 3 µm apart (Fig. 2.2 b). Therefore, both of the observation by a bright-field microscopy
and optical field simulation confirmed that these focal planes were originating from the interference
phenomenon of pillar arrays.
Figure 2.2: Visualization of three apparent focal planes a) Pillars with diameter of 500 nm and
length of 1000 nm were observed at three Z locations (top down). Red arrows indicate pillar
movements measured on each focal plane respectively at different time point. b) Simulation of
plane wave transmission through transparent pillars arrays. Polydimethylsiloxane (PDMS) RI =
1.4, water RI = 1.33, source light wavelength = 550 nm.
It is known that interference effect leads to misinterpreted position of imaged objects, calibration
of contribution of this optical effect that may affect measurement of pillar top displacement is
necessary. Moreover, according to our previous findings, the maximum displacement of pillars
pulled by local contraction forces is ∼60 nm which is considerably small, thus any factor arising
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from optical effect may result in a significant source of error. Therefore, it is critically important
to identify which of these focal planes correspond to the real level of pillar top that should be used
for tracking the movement.
2.3 Experimental
2.3.1 Fabrication of Poly (methyl methacrylate) (PMMA) molds
The essential fabrication process involved is using electron-beam lithography fabricating a Poly
(methyl methacrylate) (PMMA) structure, which is used as a mold for casting elastomer posts.
A mold was made by first spun-coated a layer of PMMA to a silicon substrate and then hard-
baked on a hot plate at 90◦C for 10 hours. An electron beam lithography tool (NanoBeam nB5)
was then used to pattern holes in the PMMA, and followed by 2 minutes room temperature devel-
opment in water/IPA (1:3). When the thickness of PMMA is greater than 1000 nm, development is
conducted with ultrasonic agitation to ensure the holes with high aspect ratio completely dissolved.
The depth of holes was dependent on the thickness of PMMA. The highest aspect ratio we can
achieve with PMMA is 5.4 (2700 nm/500 nm). Higher aspect ratio yielded difficulty in maintaining
the verticality of a sidewall profile (Fig. 2.3).
One apparent merit of PMMA molds over silicon molds is since no mask is required, it allows
more flexibility in terms of pattern design and modification to accommodate to further surface
functionalization process (introduced in Chapter 3). A wide range of stiffness of pillar substrates
can be achieved by PMMA molds and the effective modulus (equivalent continuous substrate) is
listed in Fig. 2.4.
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Figure 2.3: SEM images of PMMA molds and Polydimethyl-siloxane (PDMS) pillars. Left: SEM
image of holes with 500 nm diameter, 1300 nm depth in PMMA molds. right: SEM image of PDMS
pillars with 500 nm diameter and 2700 nm height.
2.3.2 Casting submicron elastomeric pillars dry and wet
Next, PMMA structures were used as molds for fabrication of post arrays using polydimethylsilox-
ane (PDMS). The PDMS (Sylgard 184, Dow Corning) was mixed thoroughly with its curing agent
(10:1) for at least 5 minutes, centrifuged (2000 RPM, 3 min, room temperature) and degassed in a
vacuum for about 10 minutes or until no bubbles observed.
For pillar arrays do not require further treatment in the air, a drop of PDMS was placed on
the top of the mold and was degassed again in a vacuum for a few minutes. This helps PDMS to
completely enter the holes and the air trapped at the bottom of holes comes out. Bubbles appeared
in the PDMS ensuring the removing of trapped air. In the meantime, the glass bottom petri dish
was treated with O2 plasma for 1 minute. This helps PDMS substrate stick to the glass after
curing. Having the glass bottom dish ready, the mold with PDMS was then flipped and placed in
the glass bottom petri dish. A 1 gram weight was placed on the top of mold to make the substrate
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Figure 2.4: Library of pillars used in this work. The stiffness k is the bending stiffness of an indi-
vidual pillar. Effective modulus corresponds to the rigidity of an equivalent continuous substrate.
thinner. PDMS was then cured at 70◦C for 12 h, in order to achieve a Young’s modulus of 2 ± 0.1
MPa. The mold was then peeled off of the PDMS while immersed in ethanol. Note that here we
used weight to thin the PDMS substrate to ensure the thickness of prepared pillar substrate within
the working distance of high NA and magnification objective (e.g. NA 1.4, 100×, oil immersion,
working distance 0.17 mm, NA 1.45, 60×, oil immersion, working distance 0.13∼0.19 mm) on an
inverted microscope.
For pillar arrays require further treatment particularly carried out in the air (e.g. stamping
substrances on top of pillars), demolding needs to be performed in the air. Molds were spun-coated
a thin layer of PDMS (2000 RPM, 7 seconds) before they were degassed in a vacuum for a few
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minutes. High spinning speed ensures the PDMS layer thin enough to be within the microscopy
working distance. After PDMS cured at 70◦C for 12 h, carefully peel it off of the molds and place
it to the glass bottom of petri dish which was treated with O2 plasma for 1 minute. Following this
protocol, the highest aspect ratio of submicron pillars that were able to be demolded in the air is
4.6 (2300 nm in height and 500 nm in diameter).
2.3.3 Design isolated pillar with known offset to calibrate the measurement on
three focal planes
The designed pattern is shown in Fig. 2.5 one pillar out of five was offset by certain distance: 50
nm, 80 nm, 100 nm, 150 nm, 200 nm and 300 nm. Images of pillars were taken at three apparent
focal planes, from the top to bottom in Z direction with respect to left to right as shown in Fig.
2.5.
2.3.4 Reflection microscopy, pillar top functionalization and static image anal-
ysis
Other imaging techniques including reflection microscopy and confocal laser scanning microscopy
(CLSM) were adopted to verify the focal plane of pillars top in bright-field imaging. In reflection
microscopy, image is formed by the reflected light from the pillar top coated with an opaque layer
of metal (80 nm of Cr), which is illuminated through the objective as shown in Fig. 2.6.
Details of fabrication process to deposit a layer of Cr to pillars top are introduced in Chapter 3.
Briefly, 80nm of Cr was evaporated vertically to the PMMA molds by electron beam evaporator,
and a semi-cured flat bulk of PDMS was used to remove the Cr from the top surface of molds
before casting PDMS pillars.
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Figure 2.5: Design of calibration pattern and bright field image of the designed pattern. Top is
the illustration of designed pattern; Bottom is images taken with Bright-field microscopy using a
CoolSNAP HQ (Photometrics) attached to an inverted microscope (Olympus IX-70), 100× (1.4 NA,
oil immersion; Olympus) objective. PDMS pillars were immersed in DMEM without phenol-red.
For fluorescence microscopy, we labeled pillars top with fluorescent dyes (Alexa Fluor 568) by
direct stamping technique (Fig. 2.7 right). Protocols are described in Chapter 3.
The offset of pillar was measured by firstly localizing the centroid of pillars in a row using a
particle tracking plug-in for ImageJ software [National Institutes of Health (NIH)], followed by the
point-line distance (d) computation (Fig. 2.7).
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Figure 2.6: Reflection microscopy of pillars top coated with 80 nm thickness of Cr layer.
2.4 Results
2.4.1 Dark spot focal plane reflects correct pillar offset
As discussed previously, it is critical to localize the focal plane which determines the level of
pillar top. In order to identify the correct focal plane and determine how much misinterpretation
induced by the measurement on the wrong focal planes, results of the designed pattern measured
at three levels are shown in (Fig. 2.9). Strikingly, measurement on the dark pillar focal plane is
the closest to designed offset, whereas the offsets measured on the third and first focal plane were
tremendously deviated from the real offset, one third and around zero of the real offset respectively.
To verify whether the underestimation on dark spot focal plane is induced by optical effect or
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Figure 2.7: Example of images taken from first focal plane in bright-field microscopy with designed
pillar offset = 80 nm. Left: identify pillar position in static image by centroid localization, zoomed-
in picture presents the definition of point-line distance. Right: line-fitting and computation of
point-line distance.
measurement error, we further evaluated the offset using other two imaging techniques scanning
electron microscopy (SEM) and fluorescence microscopy respectively (Fig. 2.8).
Figure 2.8: SEM and fluorescent microscopy images of designed pattern.
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Measurements of single pillar offset with SEM, fluorescence and bright-field on the dark spot
focal plane agree well with each other (Fig. 2.10), thus the slight underestimation error might be
caused by the particle detection algorithm or fabrication process. Together, this data indicates
that the second apparent focal plane where pillars appear as dark spot correspond to the real level
of pillar top position.
Figure 2.9: Measurement of offset distance on three focal planes. Pillars are 500 nm in diameter
and 1000 nm in height.
2.4.2 Dark spot focal plane is at the level of pillar top
However, because the single offset pillar was displaced in a translational manner that it remained
vertical shape, we need to rule out the possibility that the dark spot focal plane were imaged at
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Figure 2.10: Measurement of offset distance by SEM, fluorescence and bright field microscopy.
Pillars are 500 nm in diameter and 1000 nm in height.
the pillar base level. To test it, we used reflection contrast and fluorescence imaging techniques.
With techniques demonstrated in chapter 3 to label pillars top as reference position, we would like
to verify if the depths of focal plane agree with the dark spot focal plane. Fig. 2.11 shows the
confocal laser scanning microscopy (CLSM) images of pillar arrays from bright-field, fluorescence
and reflectance channels and, most importantly, sectioning of pillars along length (Fig. 2.11)
confirms that the dark spot focal plane is at the level of pillar top which labeled with fluorophores
or coated with reflective metal.
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Figure 2.11: Bright-field, fluorescence and reflection images from confocal microscopy sectioning
of pillars. Left: confocal microscopy images of dark focal plane, fluorescence and reflection at the
same depth. Right: optical sectioning of pillars with 500 nm in diameter, 1000 nm in height.
2.5 Discussion
When pillar arrays are within submicron-metrics, interference patterns emerge periodically at dif-
ferent depth, particularly under the condition of transmission light coming through refractive index
unmatched materials such as PDMS and medium. It is no longer a simple issue to determine which
is the level that gives ”best focus” because the actual top of pillars gives rise to at least three appar-
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ent focal planes - some if not all present false high contrast are due to interference. Examination of
measurement on different focal planes of known-offset pillars shows that taking wrong focal plane
as pillar top leads to tremendously deviated result. The previously overlooked dark spot focal plane
however is confirmed to be the correct focal plane that is at the level as pillar top.
2.6 Conclusions
In this work, we identified the correct focal plane of pillars top by fabrication of isolated pillar
with known offset. The calibration result points out that taking measurement on the wrong focal
plane lead to underestimated displacement. The dark pillar focal plane is verified to be at the
level of pillars top and should be used to take images when imaging with bright-field transmission
illumination microscopy.




In this chapter, we describe several techniques for the purpose of selectively functionalizing elas-
tomeric pillars top and discuss their advantage and disadvantage in terms of fabrication complexity,
functionalization quality, usage conditions and so on. Techniques introduced here involve direct
stamping of fluorescent substances (organic dye, nano-diamond, q-dot) to pillars top, and the indi-
rect way that selectively modify the surface of molds with the aid of nano-fabrication techniques.
Each pillar-top functionalization technique has its best served experimental purposes, including
boosting imaging quality, surface chemistry control, incorporation of nano-dots on top of pillars,
thus should be adopted accordingly.
3.2 Introduction
There are two major factors driving the development of techniques for selectively functionalization
of pillars top. First, as mentioned previously, fluorescent labeling facilitates overcome optical
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effects (lensing effect or interference) which promotes accurate measurement of pillar displacement.
Secondly, control of proteins (such as fibronectin) binding to a confined area i.e. tops of the
pillars, makes the force measurements much more straightforward to interpret. In this work, we
present a list of functionalization techniques developed under various circumstances and each has its
unique merits: simple fabrication procedure, accommodation to all heights of pillars, non-bleaching
fluorophores, high contrast image and so forth.
3.3 Experimental
3.3.1 Stamping fluorescent dye, q-dot and nano-diamond to pillar top
3.3.1.1 General stamping protocol
Direct stamping of fluorescent substances to top of pillars is simple and straightforward. It was
much less applicable before we demonstrated our capability of demolding submicron pillar arrays
in the air (protocol for demolding pillars in air is described in Chapter 2). The softest pillars that
we manage to stamp fluorescent substances directly without pillars subject to collapse have aspect
ratio of 3.4 (500 nm in diameter and 1700 nm in height). Following is the general protocol for
stamping:
Step 1: Cast flat slabs of PDMS at 30:1 ratio so it is soft and sticky to be used as stamps,
a) Prepare sufficient 30:1 uncured PDMS and mix the PDMS components for at least 5 min;
b) Degas the mixed, uncured PMDS in a vacuum desiccator for 10 min;
c) Pour the degassed PDMS into a 150 mm petri dish;
d) Cure the PDMS at 70◦C for 10 h (curing time for the slab of PDMS is not critical);
Step 2: Use a razor blade to cut a bulk of PDMS (5×5×2 mm) into stamps that fit the area of
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the pillar arrays pattern to be functionalized,
Step 3: Prepare the surface of PDMS stamps,
a) Sonicate the slab in ethanol for 5 min to clean off particles;
b) Blow dry with N2;
c) For fluorescent solution that is water-base, e.g. Alexa Fluor 568, plasma the stamp surface
for 3 min to create a hydrophilic property. For solution that is non-polar, skip this step;
d) Coat slab with fluorescent dye and incubate it at room temprature for 2 hours, or dried in
a vacuum desiccator for 10 min;
Step 4: The fluorescent dye coated slab is put on top of pillars for ∼2 min, then carefully lift
off slab without disrupting pillars.
One critical step before proceed to experiments should be noted. As pillars substrates are
demolded in the air, gently add ethanol to the petri dish where pillar substrate mounted to then
switch to desired bio-compatible medium instantly. Add medium to pillars dish directly without
the exchange of ethanol may lead to collapse of pillars due to surface tension between PDMS and
medium.
3.3.1.2 Specification for each labeling material
For organic fluorescent dye (e.g. Alexa fluor), prior to place stamps on top of pillar arrays, a 2 min
plasma treatment to PDMS pillars is required. This assists fluorescent dye form tight bonding to
pillars top that slows down its diffusion into medium during biological experiment (Fig. 3.1).
An alternative for fluorescent dye is quantum dots nanocrystals. The eminent advantages of
q-dots are their supreme stability (100 times more stable than traditional fluorescent reporters)
and brightness (20 times brighter). However the downside of q-dots is their fast diffusion rate as
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Figure 3.1: Wide-field fluorescent imaging of pillar arrays stamped with Alexa fluor 568.
shown in Fig. 3.2 due to the weak bonding of q-dots to elastomer pillar surface.
3.3.2 Metal on pillars top
Stamping substances directly to top of pillars is relatively simple process, however it is limited
by the height of pillars - taller pillars tend to collapse by slightest disruption. Based on our test
when pillars lengths were greater than 1300 nm, more often pillars were collapsed due to stamping
damage.
We have developed an alternative method to circumvent stamping that allows selectively chemi-
cal functionalization of the top surface of elastomer pillars. We coat the pillars top with a thin layer
of gold that can be further functionalized by thiol chemistry. Further biochemical functionalization
can be adopted to tag fluorophores to top surface for fluorescence imaging. This functionaliza-
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Figure 3.2: Q-dots coated pillar arrays before and 5 min after immersed in PBS.
tion method not only is free of pillars length restriction but also provides a strong bonding of
fluorophores to elastomer pillar surface through thiol-gold and biotin-streptavidin interaction.
The fabrication process is illustrated in Fig. 3.3. Uniform array of holes in PMMA was made
by electron beam lithography as described in Chapter 2. With the mold ready, a 10 nm layer of Au
followed by 5 nm of Ti was deposited vertically to the PMMA mold by electron beam evaporator.
Use of Titanium promotes adhesion of PDMS to Au.
The essential part of the process is removing metal from the top surface of the mold with Au
only left at the bottom of the holes. To do this, we start with preparation of PDMS mixed at 1:10
ratio then pour it into a large dish to form a flat surface. Flat PDMS is then cured at 70◦C for
30 min until it becomes gooey but not fluidic. Invert the Au coated PMMA master and carefully
place it on the surface of flat PDMS with Au from top surface contacting the PDMS. Continue the
rest of cross-linking of PDMS with Au by placing everything at 70◦C for another 4 hours. Second
curing time is not critical as long as PDMS is completely cross-linked. Once PDMS is cured, peeling
PMMA molds off from the flat PDMS automatically result in the removal of metal from the top
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Figure 3.3: Schematic of the process flow for fabrication of PDMS pillars with functionalized Au
on the top surface.
surface.
The PMMA structures with metal only at the bottom are used as molds for fabrication of gold-
top pillars using PDMS. With the protocol of PDMS pillars fabrication as described in Chapter 2,
elastomer pillar arrays with Au on the top are demolded finally in 99% ethanol.
Having gold on the top surface of pillars allows the use of thiol-based chemistry, which permits a
strong bond between a variety of molecules and the gold-coated pillars [12]. In this work, we control
the chemical functionality of the surface to attach fluorophores for imaging. To this end, the Au-top
pillar substrates were immersed in 1 mM ethanolic solution of HS − (CH2)11 − (C2H6O2)3 −OH
and HS− (CH2)11− (C2H6O2)3− biotin mixed at 3:1 ratio [13], cover with Al foil and incubate on
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Figure 3.4: SEM of Au+Ti on the bottom of PMMA master.
a shaker overnight. In this way, a self assembly monolayer (SAM) exhibiting functional biotin end
groups was formed on the gold which can be used for the following streptavidin immobilization.
The substrates were washed thoroughly with ethanol followed by PBS washes. Substrates were
incubated with 0.1% Pluronic F127 solution in PBS at room temperature for 2 h to passivate the
rest of the areas against non-specific protein binding. Final step is to prepare a solution of PBS
with 10 g/ml of streptavidin and 1 mg/mL of albumin in PBS then immerse the pillar substrate in
such solution at room temperature for 2 h.
Following these steps, we obtained an array of gold-top pillar arrays with fluorescent label as
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shown in Fig. 3.5.
Figure 3.5: Wide field fluorescent microscopy images of gold-top PDMS pillar arrays.
The donut shape of pillar implied that there was enrichment of fluorescent signals from the
sidewall of pillars. This may be caused by the non-vertical sidewall of the holes which resulted in
un-desired gold deposition on the sidewall. Ideally, vertical sidewall of holes in the molds should
be able to ensure coating only on the top of pillars.
Reflection microscopy imaging can be easily derived from the same selective coating technique
if an opaque layer of metal was deposited. Thickness of various common used metal to achieve an
opaque layer are exemplified in Table 3.1. With no necessity of further chemistry functionalization,
reflective signal from the metal-top pillars can be used to locate the pillar arrays positions (Fig.
3.6).
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Table 3.1: Transmittance at wavelength of 578 nm.
3.4 Results
Here we demonstrated our ability to selectively functionalize pillars top via various methods. For
each specific method, it has its own best served purposes and drawbacks as summarized in Fig.
3.7.
One method should be selected based on a specific goal, for instance, to achieve the best contrast
imaging of individual pillar with short length and short term imaging in liquid, direct stamping of
q-dot will give the best result ( Fig. 3.8).
3.5 Conclusions
We have described several ways to selectively label pillars top with fluorescent substances, metal
and biochemicals. Fluorescence labeling has the advantage of providing lensing-free imaging result,
however photo-damaging to cells should be taken into account during live imaging experiments.
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Figure 3.6: Reflection microscopy image of pillar arrays with 80 nm of Cr coating.
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Figure 3.7: Summarization of PDMS pillars top functionalization methods.
Figure 3.8: Position of pillars top labeled with q-dot tracked with 100 Hz video microscopy.
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Chapter 4
Local contraction activity affected by
EGFR with and without ligand
4.1 Abstract
Recent studies show that cells test the rigidity of the extracellular matrix by applying micrometer-
scale local contraction forces to it through integrin adhesions [11]. However what remain unknown
are: what are the critical molecules involved in generating the local contraction forces for rigidity
sensing and how are they correlated with force? What are rigidity-sensing activities like over a long
time course? What are the other components that could affect rigidity-sensing activity? To answer
these questions, we first examined the characteristics of local contractility forces and identified
the components formed a sarcomere like contractile units (CUs) that cells use to sense rigidity.
We find that CUs are assembled at cell edge, contain myosin II, α-actinin, tropomodulin, and
tropomyosin (Tm), and resemble sarcomeres in size (∼ 2 µm) and function. Then we performed
quantitative analysis of CUs to evaluate rigidity sensing activity over ∼8 hours time course and
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find that density of CUs decrease with time after spreading on stiff substrate. However addition of
epidermal growth factor (EGF) dramatically increased local contraction activity such that about
30% of the total contractility was in the contraction units. On softer surfaces, EGF stimulation
and EGFR activity were reduced. Moreover, inhibition of myosin-II activity blocked EGF-induced
stimulation of spreading. Importantly, we performed CUs analysis to understand the role of EGFR
in promoting cells spreading and motility, and found that EGFR activity is needed in early spreading
on rigid substrates and in the assembly of rigidity sensing contraction units. EGFR inhibitors
blocked rigidity sensing and spreading in media lacking EGF. Thus, we suggest that the EGF
receptor tyrosine kinase catalyzes rigidity sensing after associating with nascent adhesions under
force.
4.2 Introduction
The rigidity of the extracellular matrix (ECM) plays critical roles in cell motility, proliferation, and
differentiation [3, 14]. When the effects of ECM rigidity on cell fate are observed on timescales of
hours to days, rigidity sensing is a rapid and cyclic process that occurs on second timescales [15].
During spreading and migration, cells mechanically test ECM rigidity by displacing matrix to a
constant distance locally. When measured at the sub-micrometer scale, cells exert local contraction
forces to 0.5 µm diameter elastomeric pillars and displace them to ∼60 nm towards each other
irrespective of rigidity [11]. The size of local contractility events is ∼ 2 µm localized within a few
microns from cell edge. Additionally, adhesion proteins are found to form on top of submicron
pillars with myosin II bridging neighboring pillars. This indicates that there is a sarcomere like
contractile unit generating local contractions for rigidity sensing. All this strongly supports the
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hypothesis that rigidity sensing is performed by the local sarcomeric contractions. Thus, analysis
of the local contractile units enables quantitative analysis of the level of rigidity sensing activity
over extended time periods on soft and rigid substrates.
There is a wealth of knowledge regarding the fact that growth factor receptors interact with in-
tegrins in the processes of cell spreading, migration, and possibly rigidity sensing [16–18]. Previous
studies show that upon acute EGF stimulation, EGFR activates spreading and myosin II contrac-
tion, leading to focal adhesion (FA) redistribution [19, 20]. In the absence of EGF, EGFR also
regulates cellular functions such as proliferation and cell cycle control by activation in an adhesion-
dependent, ligand-independent manner. There is a strong link between EGFR and contractility
through phospholipase C (PLC) and the activation of protein kinase C (PKC) [21]. At an upstream
level, active Src kinases are recruited to early integrin adhesions and then Src kinases are found
to phosphorylate and activate EGFR [16]. Together, EGFR and the cells’ underlying substrate
biomechanically trigger cellular motility and modulate traction forces. Given the fact that rigidity
sensing is a fundamental and critical activity that occurs during cell spreading and migration, we
thus conjectured that EGFR activation may affect rigidity sensing activity and early adhesion site
formation (focal complexes that are localized at cell periphery [22]).
To determine if EGFR is involved in the promotion of growth through the activation of rigidity
responses in fibroblasts, we analyzed the level of rigidity sensing events in spreading cells as a
function of ligand independent EGFR activity, which is dependent upon Src kinase activity. Sur-
prisingly, EGFR activity was necessary for rigidity sensing on stiff surfaces but rigidity sensing on
soft surfaces was not altered by EGFR activity. Further, we found that EGFR activation of rigidity
sensing depended upon myosin contractile activity. Thus, EGFR is involved in a positive feedback
control of adhesion formation on rigid fibronectin surfaces but is much less active on soft surfaces.
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These results are consistent with the hypothesis that stretching of an early component in adhesion
complexes recruits EGFR that then catalyzes rigidity sensing.
4.3 Experimental
The main body of work describes the techniques involved in dynamic force analysis using submicron
pillars substrates, with specific focus on time-lapse imaging with video microscopy, pillar position
tracking algorithm and contractile units (CUs) pattern recognition program. For the experiments
on analyzing dynamic contraction forces, the position of pillars top are firstly captured by video
microscopy, followed by position tracking using ImageJ, and further analyzed by a program to
recognize CUs pattern and visualize the force map as illustrated in the figure below (Fig. 4.1).
Figure 4.1: Streamline of dynamic force analysis with PDMS pillar arrays.
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4.3.1 Bright-field microscopy optimization and object tracking algorithm
4.3.1.1 Bright-field microscopy parameter optimization
Preparation of molds and submicron PDMS pillars are described in Chapter 2. When track sub-
micron pillars movements with cells plated on top of the pillar arrays, in order to achieve accurate
and precise measurement while keep minimum photo-damage to cells, a few microscopy parameters
need to be optimized which include exposure time, shutter control, temperature control and so on.
To reduce the photo-damage to cells the exposure time favors shorter; to enhance image quality
(increase signal to noise ratio) the exposure time favors longer. As such, we performed a test
of optimum exposure time to minimize the photo-damage meanwhile ensure image quality good
enough for tracking movement. When video of pillar movement was recorded at 1 Hz, exposure
time of 30 ms (with a >600 nm filter, illumination voltage at 7, gain 200) provided noise level
of 3 nm without disruption of cell normal behaviors (Fig. 4.2). Test was performed on bright-
field microscopy using an ORCA-Flash2.8 CMOS camera (Hamamatsu) attached to an inverted
microscope (Olympus IX-81), controlled by Micromanager software. 100 × 1.4 NA, oil immersion
objective was used (yielding a pixel size of 36 nm/pixel).
Other factors that contribute to noise can be optimized include: employment a 37 ◦C chamber
controlled by heater to reduce thermal vibration induced noise and focus drift; avoid using shutter
to reduce noise caused by illumination fluctuation.
4.3.1.2 Nanotracking program
Another source of error comes from the tracking program. A program that was adopted to locate
the position of each pillar in each frame was ImageJ (National Institutes of Health) using the Nano
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Figure 4.2: Noise with respect to exposure time. 0.5 µm diameter pillars were tracked using
nanotracking software and the noise is evaluated with respect to exposure time with bright-field
and fluorescent imaging respectively. The movement of single pillar not contacted by cells defines
tracking accuracy.
Tracking plugin [23,24]. In this technique, two regions of interest (ROIs) were used: one containing
an image of a pillar of interest and the other containing the surrounding area through which this
pillar moved during the movie. Next, calculation was being performed of the cross-correlation
between the pillar image in every frame of the movie and an image of the same pillar (called
the kernel) from the first frame of the movie. The cross-correlation of the pillar image with the
kernel has a peak centered at the position in the pillar image where the surrounding intensity most
closely matches the intensity distribution in the kernel. Next, an intensity threshold value, T, was
subtracted from the cross-correlation, and the negative pixels were discarded, isolating only those
pixels that contribute to the central peak. The centroid (xc,yc) of these remaining pixels was then






{C(x,y)−T} . In this way, the relative position
of the pillar in every frame of the movie is obtained.
CHAPTER 4. LOCAL CONTRACTION ACTIVITY AFFECTED BY EGFR WITH AND
WITHOUT LIGAND 44
To account for stage drift and illumination vibration, the average displacement (also obtained
by Nanotracking software) of a set of pillars far from any cell was subtracted from the data.
The advantage of the cross-correlation tacking algorithm compared to others based on localiza-
tion of the geometry centroid is its robustness in resisting the shape changing of tracked objects.
However after a close examination, tracking accuracy can be influenced by the selection of kernel
and ROI. Our test shows that size of kernel should be big enough to encompass the region that
contains sharp intensity change (pillar and its surroundings) to get a unique fitting result. Selection
of ROI should be the minimum area that contains the kernel throughout the entire course of video
(Fig. 4.3).
Figure 4.3: The effect of kernel and ROI selection on tracking accuracy. Left: purple squares denote
the ROI, green and yellow denote series of kernel selection. Right: tracked movement of the same
pillar under various kernel and ROI selection. Too small the kernel and too large the ROI both
lead to up to 1.5 nm tracking error.
The reason that ROI size should be minimized is that if ROI contains even partial of the
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neighboring pillars tracking result could be affected by the movement of these neighboring pillars
(Fig. 4.3 left). In order to better accommodate this algorithm, we adopted square array of pillars
(instead of hexagonal arrays) that allows bigger available size of ROI.
With these techniques employed to increase tracking accuracy, noise is reduced from 10 nm (10
nm/
√
1 Hz) to 0.4 nm (4 nm/
√
100 Hz), thus accuracy is increase by 25 folds (Fig. 4.4).
Figure 4.4: Tracking accuracy is improved by 25 folds. Comparison of noise of tracking 0.5 µm
diameter pillars from previous hexagonal array (1 Hz, 100× objective, NA 1.4, pixel size 36 nm) and
current square array (100 Hz, 100× objective, NA 1.4, pixel size 36 nm, without shuuter, 37◦C).
4.3.2 CUs automatic detection program
4.3.2.1 Characterization of local contractility forces for rigidity sensing
Previous studies showed that fibroblasts apply local contraction forces to substrates to test their
rigidity through local actomyosin-based contractile units (CUs) [25], therefore, it is important to
understand the characteristics of these forces and how they are regulated.
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During the initial contact with substrate, fibroblast spreading occurs in several stages: initial
attachment (P0 stage), rapid increase in contact area (P1), and slower spreading during which
the protrusion-retraction cycles are observed (P2) [26]. We tracked the spreading process of mouse
embryonic fibroblasts on 0.5 µm diameter PDMS pillars. We recorded time-lapse bright field videos
at a frame rate of 1 Hz, and analyzed pillars movements during the slower spreading phase P2.
It shows that pillars nearest to the leading edge moved inward (in red at the edge of the cell
in the figure below), and are synchronous with outward displacements of pillars 1-2 µm back from
the edge (in green near the edge of the cell in the figure below). The peak inward displacements,
60 ± 18 nm, were larger than the peak outward displacements, 35 ± 14 nm. This showed that a
CU as a whole was displaced inward by a distance ∆d = 25 ± 47 nm (Fig. 4.5).
Figure 4.5: Pillar movements observed at P2 on 0.5 µm diameter pillar substrates. Left: white
arrow denotes the direction of cell edge movement. Red and green arrows denote the inward and
outward pillar movement respectively. Middle: displacement of one pillar near cell edge, which was
first pulled inward then outward. Right: Maximum displacement of inward direction and outward
direction.
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Further we analyzed the direction and coordination of the inward and outward pillar displace-
ments near the leading edge during periodic protrusion-retraction cycles. Pillars were first displaced
inward near the cell edge, and subsequently displaced outward when they were 2-3 µm behind the
edge (Fig. 4.6).
Figure 4.6: Kymograph of row of pillars with correlated force distribution.
4.3.2.2 Temporal and spatial criteria determination
Based on the identified characteristics of local contraction forces, we developed a program to au-
tomatically recognize and quantify the contractile units (CUs) that generate the local contractility
forces.
It is known that each rigidity-sensing event is dynamic and transient. One cycle of pulling and
release typically lasts 20-40 seconds and localizes within 1-3 µm from the outward moving cell edge.
Neighboring pillars that are less than 2 µm apart pulled together by CUs. As such, we applied a
criterion to the force map and search for CUs over the active area of the entire cell: two or more
pillars that are within 2 µm from each other are pulled toward each other by more than 20 nm and
for more than 20 s (Fig. 4.7).
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Figure 4.7: Illustration of identified CUs. a, actual CUs observed at the outward extending edge
of a cell spreading on FN-coated 8.4 pN/nm (effective modulus 24.1 kPa) pillars. Arrows represent
pillar movement: red, detected CUs; blue, non-CUs. Red circles marked an example of correctly
identified CU. Cell edges marked in green and yellow correspond to 30 min and 35 min respectively.
b, displacement vs. time of two 0.5 µm pillars that composed a CU (circled in a).
4.3.2.3 Methodology for CUs detection
To determine the absolute displacement of the pillars, we followed pillars that were not initially
beneath the cell and only after the cell spread were they in contact with the cell. This also defines
the active area, which is the region that cell edge moves outward. In the area where cell edge does
not extend, few CUs were observed. Thus it is practical to only analyze for CUs in the active
area. To verify the method, we visually counted the number of CUs then compared it to the result
generated from the program: the only cases of miscounted CUs are that when a pair of pillars
pointing perpendicular to each other in a few frames may not be considered as pair (Fig. 4.8 a).
Therefore, as validated the successful detection rate is 97.47 ± 0.75%.
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Figure 4.8: CUs detection method and definition of active area. a, actual CUs detected in the active
area by program. Cell spreads on FN-coated 8.4 pN/nm (effective modulus 24.1 kPa) pillars.
Arrows represent pillar movement: red, detected CUs; yellow, non-CUs. Green circles marked
correctly identified CU; red circle marked incorrectly detected CU. Successful rate = 97.47 ± 0.75%.
Cell edges are marked in blue. b, cell edge marked in orange and blue correspond to time 120 min
and 130 min respectively. Active area is defined as the area where cell edge moves outwards. c,
number of CUs per second (frame, 1 Hz video) of the cell in b monitored from 2 h to 3 h after it
adhered to the substrate. left is No. of CUs from active area and right is from static area.
4.3.3 Manual and practical parameters of CU detection program
The program for CUs detection is coded in MATLAB. Users are allowed to set 1) the threshold of
time period during which two or more pillars are pointing towards each other; 2) the threshold of
displacement (nm) which the movement of pillars need to be greater than to be considered as pulling
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by local contraction force rather than noise, e.g. the practical value for mouse embryonic fibroblasts
(MEFs) is 20 nm; 3) the distance (unit in pixel) of two neighboring pillars which is dependent on
the specific microscopy settings (NA, camera resolution etc). Users should be careful about setting
these parameters as they depend on the quality of the video (i.e. noise). For instance, when the
noise is high users should consider increasing the threshold of displacement and vice versa. The
input data sets are the 1) trace of reference pillars that are always outside of cells to be subtract
from the interested pillar trace 2) trace of interested pillars obtained from Nanotracking software.
The output of the program is a movie with vectors showing pillars displacement, detected CUs
marked out from other vectors, and numerical result of CUs detected in the ROI in each frame and
total number of CUs accumulated through the entire movie.
4.3.4 Cell culturing and preparation
MEFs cells were cultured at 37◦C in a 5% CO2 incubator in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum, 100 IU/ml Penicillin-Streptomycin, 2 µM
L-Glutamine, and 2 µM HEPES. In all experiments, cells were serum-starved in growth medium
lacking FBS. Imaging experiments were conducted using starvation medium without phenol red.
Before measurements, PDMS pillar substrates were coated with human plasma fibronectin (50
µg/ml; Roche) and incubated at 37◦C and 5% CO2 for 1 hour. Cells were then trypsinized,
resuspended in DMEM for 30 minutes at 37◦C for recovery, and plated on the substrate. For cells
spreading on pillar substrates essays, pillar substrate has to stay under media (in wet atmosphere)
in order to avoid pillars to adhere each other.
For immunostaining, cells were cultured on PDMS pillar substrates for the amount of time
based on various purposes, fixed in 4% paraformaldehyde in PBS (Phosphate Buffered Saline) for
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15 minutes at room temprature, after rinse with PBS, permeabilized with 0.1% Triton X-100 in
PBS for 5 minutes then wash again. Incubate cells with blocking buffer (1% BSA, 22.52 mg/ml
glycine in PBST i.e. PBS+ 0.1% Tween 20) for 30 min to block unspecific binding of the antibodies.
Then incubate cells with primary antibody in the blocking buffer at 4◦C overnight on a shaker.
Wash the cells three times in PBS with 5 min for each wash. Incubate cells with the secondary
antibody in 1% BSA for 1 hour at room temperature in the dark on a shaker. Finally wash the
cells three times.
Growth factors (all from Life Technologies) were diluted into 0.5 ml medium before addition,
which were used as follows: mouse recombinant EGF (100 ng/ml) and mouse recombinant TGFβ1
(10 ng/ml). Pharmacological inhibitors and antibodies used were as follows: Y-27632 (20 µM, Cal-
biochem, Gibbstown, NJ), gefitinib (10 µM, Santa Cruz), pEGFR Tyr1173 (Santa Cruz), pEGFR
Y1092 (abcam, equivalent to Y1068), rabbit-anti paxillin (Santa Cruz).
4.4 Results
4.4.1 Molecular organization of CUs resembles sarcomeres
In previous studies it has been shown that fibroblasts use CUs at the cell edge to pull on neighboring
pillars (0.5 µm in diameter, 1 µm spacing) for 20-40 seconds, to a local contraction of 5-10% [11,27],
resembling muscle sarcomere contractions within the normal range. Hence, we tested if sarcomere-
resident proteins localized to CUs during local contractions. This inluded α-actinin and myosin, as
well as Tpm [28] and tropomodulin3 (Tmod3) [29].
Consistent with previous studies [30,31], α-actinin was concentrated at the cell edge only after
∼15 minutes of spreading, at the onset of the slow spreading, rigidity sensing phase [30], P2, when
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local contractions occurred [11]. Myosin-IIA, the isoform relevant for mechanosensing [32], simulta-
neously localized to the active cell edges. To visualize active myosin molecules, we immunostained
for phosphorylated myosin light chain (p-MLC), and found that it localized with GFP-α-actinin
at the cell edge. Typically, α-actinin concentrated around the edges of the pillars, whereas p-MLC
appeared as small clusters between the pillars. Immunostaining for Tpm [using an antibody for
high molecular weight (HMW) Tpm, which included Tpm2.1, Tpm1.6, and Tpm1.7, the major
HMW isoforms expressed in MEFs [33]], overlapped with α-actinin at the pillar edges. Tpm was
also present between the pillars, overlapping with p-MLC Further, Tmod3 was located between the
pillars , indicating that the actin filaments terminated in those locations (Fig. 4.9).
Figure 4.9: Immunofluorescence of CUs proteins. Top: patches of p-MLC localize between pillars
at the cell edge, whereas α-actinin is localized around the pillars. Bottom: Tm overlaps with
α-actinin at the edges of the pillars (arrow in zoom-in image) and is also located between pillars
(arrowhead).
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Since the CU-generated forces were relatively low (maximum force ∼400 pN), we postulated that
the p-MLC clusters corresponded to single myosin filaments that drove the local contractions. To
test this force and protein correlation, we tracked the pillar movements by GFP-α-actinin-expressing
cells, fixed and then stained for p-MLC. After detection of CU pair using our program, we performed
super-resolution analysis (3B-microscopy [34]) and observed that α-actinin was concentrated on the
pillar edges and that p-MLC between the contracted pillars had a dumbbell shape that resembled
that of bipolar mini-filaments [35] (Fig. 4.10). The average size of these filaments, 377 ± 16 nm,
matched the known size of myosin-II mini-filaments [35].
Overall, these results were consistent with a sarcomeric organization within CUs. In this,
α-actinin anchored force-bearing, Tpm-decorated actin filaments at the pillars, while an active
myosin-IIA filament was in the centre, producing contractile forces on the pillars (Fig. 4.10).
4.4.2 Local contractility activity over long-term
We used the automated program to detect CUs as described previously. Thus, by counting the
number of CUs per unit time, we had a quantitative measure of rigidity sensing activity, which
could be measured over extended time periods (several hours). To reduce photo-damage to the cells
during the long-term imaging, we performed periodic tracking of the pillar movements for periods
of 5-10 minutes, every 30 or 60 minutes. When cells were observed with this protocol, there was
no discernable photo-damage.
We first asked if the level of CU activity was constant over time for the first 8 hours of spread-
ing by documenting the number of CUs per cell with respect to time. After the initial burst of
contractile activity, the number of CUs dropped dramatically. Thus, there was a strong correlation
between the level of spreading activity and CU activity. When cells were plated on a relatively
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Figure 4.10: Super resolution image of p-MLC and α-actinin with pillars. Left: simultaneous
measurement of pillar displacements and distribution of p-MLC and α-actinin as observed by super-
resolution imaging [image of the pillars (grey) was artificially blown up to match the resolution of
the fluorescent images]. Note the dumbbell shape of p-MLC, consistent with the known shape of
myosin mini-filaments. Right: Schematic of a CU with the relevant molecular components.
stiff pillar matrix (effective stiffness = 8.4 nN/µm, effective modulus = 24.1 kPa)), the number
of contractile units per cell peaked at ∼20 minutes of spreading, then gradually decreased to a
low level over the first 1-2 hours and remained at that level for the remainder of the time. The
peak of CU density in early spreading coincided with the slow spreading phase P2 [30], during
which cells tested substrate rigidity by local contractions [11] across the cell edge. After 1 hour of
spreading on this stiff pillar substrate, cells formed mature focal adhesions with relatively stable
edges, however, they continued to sense rigidity in small areas where the cell edge moved outward.
After two hours of spreading, there were lamellipodial extension events about every 5 minutes on
average that involved 5 or more CUs. Thus, the density of CUs was greatest in early spreading;
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however, the cell continued to sample the surface rigidity intermittently over time (Fig. 4.11).
Figure 4.11: Measurement of CUs per entire cell per second (frame). Cells were plated on FN-coated
pillar (0.5 µm diameter) substrate in media lacking serum for over 7 h. left and right diagrams
present the detected CUs number from two independent cells of two independent experiments.
Next, we followed CU activity on soft pillars (effective stiffness = 3.6 nN/µm, effective modulus
= 9.1 kPa) over long time periods. On the softer pillars, cells exhibited a lower level of rigidity
sensing activity, evidenced by overall lower CU density compared with the rigid substrate (Fig.
4.12). Again, there were occasional events of testing of the surface rigidity and those were typically
followed by edge retraction such that the cell was extending and retracting over periods of 20-40
minutes. These data are consistent with previous findings that adhesion complexes dissociated due
to insufficient force for reinforcement on soft substrates [25].
Moreover, we evaluated the percentage of local contractility forces to the overall contraction
force. The overall cell contractility was measured simultaneously as the sum of the net inward
displacements of pillars around the cell edge (in the same active area where CUs were analyzed)
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Figure 4.12: left: Measurement of CUs per entire cell per second (frame). Cells were plated on
FN-coated soft pillar substrate in media lacking serum for over 7 h. right: average number of






i=1 xi,j) for cells on rigid and soft pillar substrates in media lacking
serum. n≥8 cells per condition. Error bars show standard error of the mean.
(Fig. 4.13).
4.4.3 Ligand-free EGFR activity is necessary for rigidity sensing and normal
spreading
Since both integrins and EGF receptors are involved in the regulation of cellular interactions with
the extracellular environment [36], we wanted to test the role of EGFR in CU activity during
spreading. Previous studies have measured the co-clustering of adhesion and EGF receptors induced
by cell attachment to matrix, as well as activation of downstream targets such as FAK [37]. In the
absence of serum or growth factor, integrin-mediated adhesion can promote activation of growth
factor receptors, presumably through EGFR kinase domain phosphorylation by Src as a result of
integrin activation [16–18]. Previous evidence of integrin-EGFR complexes residing in immature
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Figure 4.13: Fraction of local contraction force over overall contraction force. Left: ratio of local
contraction force over total force in active area per second (frame) on rigid pillar substrate. right,
ratio of local contraction force over total force in active area averaged over 10 min on rigid pillar
substrate. n = 5. Error bars show standard error of the mean.
FAs rather than mature FAs [38] strongly suggests that ligand-independent EGFR activation plays
an important role in regulation of rigidity sensing during early adhesion formation.
To test if ligand-free EGFR activation takes part in rigidity sensing activity, we analyzed local
CUs in the presence of EGFR inhibitors. Cells were plated on FN-coated stiff pillar substrates, in
medium lacking serum (growth factors), without or with EGFR inhibitor and monitored for over
7 hours. Cells treated with EGFR inhibitor initially spread normally when in the rapid spreading
phase without contractions (3-10 minutes after adhesion to FN). However, they failed to spread
further and exhibited few or no edge retraction events (Fig. 4.14 a,b). These cells often adopted a
dendritic phenotype and had narrow extensions instead of broad lamellipodia. A similar decrease
in the density of CUs was found on soft pillars with EGFR inhibitor, but cells spread to the same
extent in the presence of the EGFR inhibitor. Very few CUs were observed in the presence of the
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inhibitor during the first 30 minutes after adhesion on either soft or rigid pillars (Fig. 4.14 c,d).
Figure 4.14: Ligand-free EGFR activity affects local CUs. a and c whole cell area measurement
with respect to time. Cells were plated on FN-coated pillar substrates (8.4 pN/nm and 3.6 pN/nm)
in serum-free medium with and without gefitinib (10 nM) n ≥ 5 cells per condition. b and d, average
of CUs number per 10 min monitored for 7 hours.
Thus, it appeared that EGFR activity was needed for contractile-dependent cell spreading and
CU formation but the effect of inhibition of EGFR was much less on soft pillars, indicating that
EGFR was much less involved.
A potential component in EGFR activation in the absence of ligand could be a Src family
kinase. That pathway was proposed for wound healing effects of EGFR in other systems. Thus, we
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tested for Src involvement in fibroblast spreading by inhibiting Src kinase activity with PP2. After
PP2 treatment, the level of local CU activity and the spread areas were similar to those as with
the EGFR inhibitor. This indicated that the spreading and CU activity were possibly dependent
upon Src family kinase activation of EGFR at the adhesion sites (Fig. 4.15).
Figure 4.15: EGFR affects local contractility through Src. a, cell area with respect to time. Cells
preincubated with PP2 (10 µM) for 30 min prior to plating on FN-coated pillar substrates in serum-
free medium. n = 4. b, active area over 10 min with respect to time. c, average of CUs number
per 10 min monitored for 7 hours. Error bars show standard error of the mean.
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4.4.4 EGFR localizes to cell edges and active EGFR to rigid but less to soft
pillars
To further investigate how EGFR promoted early adhesion formation and was involved in rigidity
sensing, we monitored the distribution of EGFR-GFP during early spreading. Normally, EGFR
localized to the leading lamellipodium during the contractile phase of spreading on both rigid and
soft pillars. There was an indication of EGFR-GFP associating with the rigid pillars back from
the leading edge. Using an antibody that reacted with the Src-dependent phosphorylation site
(Tyr1068) on EGFR, we found colocalization of pEGFR staining with paxillin staining whereas
antibody that reacted with other EGFR autophosphorylation sites (Tyr1173) showed a general
staining of the cell surface. When paxillin distribution was monitored along with pEGFR on
rigid substrate, we observed significant overlap between paxillin labeled adhesions and pEGFR
staining. On the soft substrate, however the overall phosphorylation of EGFR was lower than
control evidenced by less intensity from pEGFR staining, along side with less colocalization of
pEGFR and paxillin. The inhibition of tyrosine kinase activity of EGFR, however, led to the loss
of co-localization of paxillin and pEGFR (Fig. 4.16). Together these data indicated that EGFR
tyrosine kinase activity played a critical role in promoting rigidity sensing and adhesion complex
formation.
4.4.5 EGF activates local contractility on rigid surfaces
EGF is known for promoting cell migration and growth. Cell motility normally involves force
generation and adhesion formation [39]. Evidence has shown that acute EGF stimulation induces
phosphorylation of myosin regulatory light chain (MRLC) to promote myosin-II contraction [21],
nearly simultaneously with adhesion assembly and paxillin phosphorylation in the adhesions [20].
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Figure 4.16: Phosphorylated EGFR co-localizes with paxillin at cell periphery in medium lacking
serum. Cells were fixed at 30m after initial contact to pillar substrate, stained for pEGFR(Tyr 1068)
and paxillin. Images were taken with 60× objective in an Olympus Fluoview FV500 laser-scanning
confocal microscope.
Together, direct observations of focal adhesion assembly in cell protrusion areas and increased
contraction force induced by acute EGF stimulation [20] led us to hypothesize that EGF also had
an effect on local contractile forces that sense rigidity.
To test for EGF stimulation of rigidity sensing, we added 100 ng/ml EGF after 6 h of adhesion
to FN-coated pillar substrates (effective modulus = 24.1 kPa) and analyzed CUs number. After
stimulation, we observed a large portion of the edge all around the cell moving out ∼2 minutes
after EGF addition, leading to an increase in cell area. This was followed at ∼15 minutes by a
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collapse of lamella in a large fraction of cells, resulting in cell area rapidly dropping back to the
baseline level (Fig. 4.17 a).
Figure 4.17: EGF stimulates acute cell spreading. a, kymograph of cell active edge. After 6 hours
spreading on rigid substrate in medium lacking serum, 100 ng/ml EGF was added at time 6 hour
(0’). b, kymograph of a section across whole cell on soft substrate shows the oscillation of spreading.
100 ng/ml EGF was added at 6 hour (0’). c, EGF (100 ng/ml) addition leads to cell edge outward
movement on rigid pillar substrate (24.1 kPa, blue) not on soft (9.1 kPa, orange). Cells were plated
on FN-coated pillar substrate for 6 h in media lacking serum prior to EGF administration.
In terms of the number of CUs, there was a baseline level of CU activity after 6 hours; upon
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EGF addition, local CUs dramatically increased in number and localized at the cell periphery where
the cell edge had extended outwards. At ∼2 minutes after EGF addition, CU density increased by
∼3-fold and remained at this level for about 10-20 minutes and then it completely returned to the
basal level after additional 30 minutes.
To test if the dramatic stimulatory effect of EGF in activating rigidity sensing events occurred
through its tyrosine kinase activity, we examined cells treated with EGF inhibitor prior to EGF
addition. As expected, blocking tyrosine kinase activity abolished EGF stimulatory effect on CUs
formation and membrane extension to increase spread area (Fig. 4.18).
Next, we evaluated the ratio of local contraction force to the overall contractility. During the
peak of EGF stimulation, local contractile force reached ∼30% fraction of total cell contraction
force in the extending areas. It indicates that EGF addition brings rigidity sensing forces back to
the same level as in early spreading (Fig. 4.19).
4.4.6 EGF activation of motility requires myosin contractility
Next, we sought to determine how EGF activates rigidity sensing activity. Because our study showed
that EGF promoted local contraction force generation, it indicated that myosin-II activity was re-
quired. Myosin-II contractile activity is mediated by MRLC [40], which can be phosphorylated by
rho-kinase (ROCK) [41]. To understand the role of myosin-II in EGF activated rigidity-sensing
forces, we examined cells treated with Y-27632 (inhibits myosin-II ROCK-mediated activity) prior
to EGF addition and found that inhibition of ROCK activity blocked EGF-induced local contrac-
tility. Treatment with Y-27632 caused a small outward movement of the cell edge in 75% of the
cells, which was reflected by a slight increase in cells spreading area (Fig. 4.20). However, there was
no increase in the number of CUs. Importantly, after cells were treated with Y-27632 for 20 min-
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Figure 4.18: EGF activate local contraction activity on rigid pillar substrate (24.1 kPa). a, visual-
ization of cell edge extension and increased CU number by EGF. b and c, area and CUs number
changed upon EGF addition. Measurement was carried in two conditions: in media lacking serum
and pretreated with EGFR inhibitor for 30 min prior to EGF. b, percentage of increasing area of
whole cell measured at 0 m, 10 m, 20 m, 30 m relative to baseline area (-10 m). c, average of
CUs number per 10 min before and after addition of EGF. n ± 8 cells per condition. ***p<0.001,
student’s t-test.
utes, EGF stimulation of motility and contractility were lost (Fig. 4.20). Thus, ROCK-dependent
activation of myosin-II contractility was required for EGF stimulated local contractile activity and
cell edge movement.
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Figure 4.19: Fraction of local contraction force over overall contraction force as result of EGF
stimulation. Left: ratio of local contraction force over total force in active area per second (frame)
on rigid pillar substrate. right, ratio of local contraction force over total force in active area averaged
over 10 min on rigid pillar substrate. 100 ng/ml EGF was added at time 6 hour (0’) after cells
were let spread in medium lacking serum for 6 hours. n = 5. Error bars show standard error of the
mean.
4.4.7 On soft surfaces EGF has no effect on rigidity sensing or motility
Since EGFR activity is not important for spreading on soft surfaces and myosin contractility is
decreased on soft surfaces, we wondered if EGF addition would activate rigidity sensing on soft
surfaces. Compared to rigid surfaces where cells stabilized after 6 hours with elongated mature
focal adhesions and prominent vertical stress fibers, a large fraction of cells on soft matrix changed
spread area and morphology almost cyclically over times of 30-45 minutes (Fig. 4.17). When EGF
was added to cells on soft pillar substrates (effective modulus = 9.1 kPa), there was no stimulation
of spreading or CU activity. The oscillation of cell area (Fig. 4.17 c) occurred regardless of whether
EGF was added or not and no change was observed following EGF addition. The insensitivity to
CHAPTER 4. LOCAL CONTRACTION ACTIVITY AFFECTED BY EGFR WITH AND
WITHOUT LIGAND 66
Figure 4.20: After 6 h plating on 8.4 pN/nm pillar substrate, cells were treated with 10 µM Y-27632
for 20 min followed by EGF stimulation. Top: visualization of cell spreading blocked by Y-27632
so was CUs. Bottom: percentage of increasing area measured at Y-27632 0 m, Y-27632 10m, EGF
10 m, EGF 20 m relative to baseline area (Y-27632 -10m), and the average of CUs number per 10
min. Experiment was repeated 5 times.
EGF stimulation on compliant substrates was also seen by immunostaining of paxillin and pEGFR
before and after EGF addition, where the distribution and levels remained same regardless of EGF,
These data are in line with previous results showing that reducing substrate rigidity desensitizes
cells to EGF [42] (Fig. 4.21).
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Figure 4.21: EGF has no stimulatory effect on soft substrate (9.3 kPa). 100 ng/ml EGF was added
at time 6 hour (0’) after cells were let spread on soft pillar substrate in medium lacking serum
for 6 hours. Right: immunofluorescence of pEGFR (Tyr1068) and paxillin before and 8 min after
addition of EGF, two different cells were presented. Images were taken with 60× objective in an
Olympus Fluoview FV500 laser-scanning confocal microscope.
4.4.8 Other receptor tyrosine kinase’s stimulatory effect
Besides epidermal growth factor, other hormones such as FGF, HGF and TGFβ have also been
shown to serve as ‘start signals’ that trigger migration or cell motility of both normal and tumor
cells [43–45]. Thus, we postulated that other hormones, e.g.TGFβ1 may have similar stimulatory
effect to EGF in increasing local contractile activity.
To test our hypothesis, CUs and area of cells treated by TGFβ1 were analyzed. TGFβ1 pro-
moted a significant increase in CUs numbers by 2.7 fold and outward extension of cell edge to
a similar extent compared with EGF. The acute stimulatory effect of TGFβ1 was diminished af-
ter about 20 min post activation, when the rigidity sensing activity returned back to its baseline
CHAPTER 4. LOCAL CONTRACTION ACTIVITY AFFECTED BY EGFR WITH AND
WITHOUT LIGAND 68
level. Moreover, inhibition of myosin-II ROCK activity (Y-27632) blocked the response to TGFβ1
stimulation, further highlighting the similarity in hormone stimulatory effect (Fig. 4.22).
Figure 4.22: TGFβ1 has similar effect to EGF on increasing local contraction activity. Cells were
plated on FN coated stiff pillar substrate (9.3 kPa) for 6 h in media lacking serum prior to TGFβ1
(30 ng/ml) and Y-27632 (10 µM) treatment. Left: cell area increased by TGFβ1 addition with and
without Y-27632. Right: average of CUs number per 10 min. n = 5. Error bars show standard
error of the mean.
To summarize, rapid activation of rigidity sensing activity by hormones like EGF and TGFβ1
indicates that receptor tyrosine kinases have a universal role in promoting local contractility forces
via myosin-II ROCK activity.
4.5 Discussion
These studies show that the EGFR tyrosine kinase has a critical role in rigidity sensing that was
overlooked previously. During cell spreading, the formation of contractile units is dramatically
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inhibited by blocking EGFR activity with the consequence that cell spread area is dramatically
decreased. The inhibition of Src activity has a similar effect on CU activity and on spread area,
which is consistent with earlier reports that Src kinase was responsible for non-ligand dependent
activation of EGFR. Surprisingly, the role of EGFR activity was much less on soft surfaces and there
was much less CU activity. This was partly explained by the fact that pEGFR localized to integrin
adhesions on rigid but not on soft substrates. However, the association of EGFR with adhesions
was transient during the development of the adhesions and pEGFR was not associated with mature
adhesions. Addition of EGF to spread cells caused a dramatic increase in CU activity concomitant
with rapid spreading that has commonly been observed. This effect of EGF was dependent upon
myosin contractility and substrate rigidity, implying that there may be a positive feedback cycle
for EGFR recruitment and activation of CU formation.
There is an extensive literature on the EGF receptor because it has a major role in many cancers
and growth abnormalities. The findings here indicate that the non-ligand dependent activation of
EGFR is involved in rigidity sensing. A simple hypothesis to explain the results is that EGFR is
a critical part of a positive feedback system that is activated by rigid matrices. Since only a few
studies of EGFR have been done on soft surfaces, the lack of EGFR involvement in cell function on
soft surfaces has not been well characterized. However, elements of the process can be understood.
Ligand-independent activation of EGFR was linked to the activation of EGFR by Src. Our
studies are consistent with that pathway and indicate that the recruitment of pEGFR to rigid
adhesion sites depends upon Src. Not only does the antibody to the Src phosphorylation site on
EGFR localize better to the adhesions than does the antibody to autophosphorylation sites, but also
the inhibition of Src has the same effect on spreading and CU activity as does the inhibition of EGFR
kinase. Since we know that Src is activated in very early integrin adhesions even in the absence
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of force, we postulate that force is unfolding a protein in the adhesion clusters like talin, which
then binds EGFR and holds it for Src phosphorylation and activation. Active EGFR could then
further activate myosin contraction through the known pathways downstream of EGFR involving
PLC-dependent activation of PKC [21]. This positive feedback system could then cause further
spreading and further Src-dependent EGFR activation. Soft surfaces have short-lived adhesions
that are exposed to only weak forces, and thus they possibly would not recruit EGFR. Further,
such a positive feedback scheme could explain the effect of EGF on formation of new CUs on rigid
but not on soft surfaces or after inhibition of myosin contraction. These results point to a complex
pathway that involves EGFR in the formation of adhesions but does not retain it there.
These findings highlight the transient nature of the EGFR effects. It is known that addition of
EGF results in a transient (∼1-3 minutes) activation of the EGFR that causes endocytosis. The
CUs are also dynamic since the contraction-relaxation cycle lasts only a minute [25], and in stably
spread cells, the level of CU activity is very low as well as intermittent. However, on stiff surfaces,
the CU activity causes the stabilization of adhesions and growth of the cells for many fibroblasts.
If EGFR is an integral part of the system that causes CU assembly at adhesion sites, then it could
also only transiently interact with the adhesions. All of the evidence indicates that EGFR has
a critical role in rigidity sensing that is dependent upon substrate rigidity and mechanical force.
Although EGFR may have other roles that do not depend upon rigidity, it is clear both in the
absence and presence of EGF that EGFR activity is needed for rigidity sensing on rigid surfaces.
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4.6 Future work
These studies show that EGFR has a critical role in rigidity sensing that was overlooked previously.
Our quantification analysis has revealed its transient effects in CU assembly at adhesion sites, and
further biochemical assays are necessary to identify and confirm the downstream signaling pathway.
More importantly, the quantification analysis of rigidity sensing is a general tool that is appli-
cable to study the mechanobiological function or role of molecules associated with rigidity sensing
that might have been ignored. In that sense, other tyrosine kinases can be explored for their role
in rigidity sensing by our quantification method.
4.7 Conclusions
We have identified the sarcomeric organization within CUs. In this structure, α-actinin anchored
force-bearing, Tpm-decorated actin filaments at the pillars, while an active myosin-IIA filament
was in the center, producing contractile forces on the pillars. Moreover, we have characterized
local contraction forces that cells use to sense rigidity and based on which, we demonstrated a
quantification method to measure rigidity sensing activity level by analyzing local contractile units.
With his method, we have shown the mechanobiological role of EGFR in rigidity sensing for the
first time. Here, we find that EGFR activity is needed in early interactions of cells with rigid
substrates for normal spreading and the assembly of local contraction units that sense rigidity.
EGFR inhibitors blocked local contractions and normal spreading of cells in media lacking serum
and any soluble EGF. After several hours of normal spreading on rigid surfaces, cells showed few
local contractions but addition of EGF dramatically increased local contraction activity such that
about 30% of the total contractility was in the contraction units. Antibodies to pEGFR sites
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predominantly phosphorylated by Src kinases colocalized with paxillin at early adhesions, and
addition of EGF did not increase pEGFR staining at adhesion sites. On softer surfaces, there was
much less of an effect of EGF stimulation and the role of EGFR was reduced. Moreover, inhibition
of myosin-II activity blocked EGF-induced stimulation of spreading. Thus, we suggest that the
EGF receptor tyrosine kinase catalyzes rigidity sensing after associating with nascent adhesions
under force.
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Chapter 5
Unveiling rigidity sensing mechanism
by high-frequency analysis
5.1 Abstract
Cells test the rigidity of the extracellular matrix by applying forces to it through integrin adhesions.
Recent studies show that these forces are applied via local micrometre-scale contractions, but how
contraction force is regulated by rigidity is unknown. Here we performed high temporal- and spatial-
resolution tracking of contractile forces by plating cells on sub-micron elastomeric pillars. We found
that actomyosin-based sarcomere-like contractile units (CUs) simultaneously moved opposing pillars
in net steps of ∼2.5 nm, independent of rigidity. What correlated with rigidity was the number
of steps taken to reach a force level that activated recruitment of α-actinin to the CUs. When
we removed actomyosin restriction by depleting tropomyosin 2.1, we observed larger steps and
higher forces that resulted in aberrant rigidity sensing and growth of non-transformed cells on soft
matrices. Thus, we conclude that tropomyosin 2.1 acts as a suppressor of growth on soft matrices
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by supporting proper rigidity sensing.
5.2 Introduction
The rigidity of the extracellular matrix (ECM) plays critical roles in cell apoptosis, proliferation, and
differentiation [3, 14]. Accordingly, aberrant rigidity sensing is involved in many medical disorders
[46,47]. For example, the anchorage-independent growth of cancer cells [48,49] indicates that their
rigidity sensing machinery is malfunctioning. Importantly, while the effects of ECM rigidity on cell
fate are observed on timescales of hours to days, rigidity sensing is a rapid and cyclic process that
occurs on much shorter timescales [15,50].
According to the current model, during cell spreading and migration, when the cell edge pro-
trudes forward, nascent integrin adhesions are built upon initial contact with the matrix. This is
followed by generation of traction forces on the adhesions through local contractile units (CUs) [11]
that include α-actinin anchored force-bearing, Tpm-decorated actin filaments at the pillars, while
an active myosin-IIA filament was in the centre, producing contractile forces on the pillars, and
subsequent linkage of these adhesions to the general rearward flow of actin towards the centre of
the cell (the integrin ‘clutch’ model [51,52]). At its most basic sense, rigidity sensing is manifested
as the decision to reinforce the adhesions during the initial period of force application [53]. On
stiffer substrates, stronger adhesions are built, thereby allowing them to resist the forces from actin
flow [53, 54]. When measured at the sub-micrometre scale, cells displace matrix-coated 0.5 µm di-
ameter flexible pillars to a constant distance irrespective of rigidity [11]. This indicates that there is
a well-developed mechanism to link rigidity sensing, force production, and adhesion reinforcement,
through sub-micrometre contractions in a few tens of seconds.
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Hence, in this study, we analysed cellular forces during rigidity sensing with a new high res-
olution technology. Using arrays of Polydimethylsiloxane (PDMS) micropillars as substrates, we
find that mouse embryo fibroblast (MEF) CUs resemble sarcomeres and pull opposing pillars in
nanometre-level myosin-II-generated stepwise contractions as verified by different analytical tools.
What determines rigidity sensing is the number of steps taken before reaching a ∼20 pN force level,
which activates adhesion reinforcement. The stepwise movements are dramatically altered after
the knock-down of tropomyosin 2.1 (Tpm2.1, formerly known as Tm114), indicating that it has a
critical role in controlling force production and rigidity sensing. We further link Tpm2.1’s role in
rigidity sensing to controlling cellular growth suppressor of growth on soft matrices.
5.3 Experimental
5.3.1 High-frequency video microscopy set-up
Since myosin moves by nanometre-scale steps [55, 56], and the velocity of pillar displacement was
relatively low (2.5-3 nm/s), we first tested our ability to detect nanometre-level movements at these
rates with the pillar system. To observe the pillar movements with sufficient temporal resolution,
we used continuous brightfield imaging at a frame rate of 100 Hz, and monitored pillar locations
with a cross-correlation technique that enabled sub-nanometre-level tracking over time [23].
Time-lapse imaging of pillars was performed with bright-field microscopy using an ORCA-
Flash2.8 CMOS camera (Hamamatsu) attached to an inverted microscope (Olympus IX-81), con-
trolled by Micromanager software [57]. Images were recorded continuously at 100 Hz using a 100x
1.4 NA, oil immersion objective (yielding a pixel size of 36 nm/pixel). For each cell a movie of
∼5 minutes (corresponding to 30,000 frames) was recorded; stage drift and focus changes were
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minimized by using a controlled 37◦C chamber.
To minimize the noise arising from the imaging conditions, we removed the shutter from the
illumination path and used a >600 nm filter that allowed us to increase the light intensity signifi-
cantly in order to reach high pillar-to-background contrast without significant photo-damage to the
cells. Because we were analysing the position of the pillars 100 times per second, the noise for a 1
second period was ten-fold lower than in our previous work [11] where only 1 image per second was
analysed. All these improvements resulted in typical noise amplitude of ∼1.3 and ∼0.8 nm for the
1.3 and 2.3 µm length pillars, respectively (theoretically, increasing the pillar length should also
increase the thermal noise of the pillar tip, however, we find that the noise level depends mostly
on the contrast between the pillars and background, which is higher with the 2.3 µm pillars and
therefore their noise amplitude is lower).
5.3.2 Nano-meter steps detection
5.3.2.1 Steps extraction by step fitting program and pairwise distance analysis
After 100 Hz videos of pillar displacements are recorded, they are processed by Nanotracking plugin
as previously described. Background noise (stage drift, focus change and illumination unevenness)
is minimized by subtracting the movement of reference pillars from the target pillars. After this,
the displacement of each pillar is further filtered by a low-pass median filter and analyzed to extract
more information.
Fitting the data of pillar movements was done using the L1-PWC algorithm described by [58],
which detects steps generated by molecular motors in noisy data series. The only parameter that
can be changed in this algorithm is γ, which controls the smoothing of the data and should be set to
at least 2σ, where σ is the standard deviation of the noise [58]. In our case, typical measurements
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yielded σ of ∼0.8-1.2 nm. In practice, analysis of data series of pillar movements by cells yielded
the same steps using γ values ranging from 3 to 15; therefore, we used a γ value of 10 for all the
analyses of pillar movements.
To verify the validity of the step fitting algorithm, we have adopted another method to extract
the step pattern. Analyses of the pairwise differences between data points in pillar displacement
curves was performed for a given filtered record (filtered using the SavitzkyGolay filter with a 2nd
order polynomial and frame size of 21) by considering all possible inter-point amounts (i.e., by 1, 2,
3,..., N frames, where N was the final frame number of a record) and then plotting the histogram of
all the resulting pairwise distance differences (i.e., the pairwise distance distribution function, PDF)
between -25 and +25 nm, with a bin size of 0.1 nm. The PDFs of all records were then normalized
between 0 and 1 and averaged. Next, fast Fourier transform was performed using Matlab on each
single PDF after removing the so-called ”DC component” by subtracting a 10-point moving average
of each PDF from itself (the peaks in the power spectra were observed also when applying the
Fourier transform directly to the original PDFs, but they were more pronounced after the removal
of the DC component). The resulting power spectra were then averaged, followed by smoothing of
the average power spectrum with a 10-point moving average window, and normalization to unity at
a spatial frequency of 0 nm−1. Identical power spectrum was obtained when applying the Fourier
transform to the averaged PDF and when applying it to each individual PDF and then averaging
the resulting power spectra. To compute the error in the peak location in the Fourier transforms,
we recorded the spatial frequency which corresponded to the peak in each individual curve and
calculated the SEM of all these values (Fig. 5.1).
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Figure 5.1: Pairwise distance analysis for single pillar displacement by a piezo-device programmed
with 1.2 nm steps at 2 steps/s.
5.3.2.2 Verification of step-detection capability by piezo-controlled measurements as
positive control
To test the accuracy of this method, we used a piezo-device to move the pillar array in steps of 0.6
or 1.2 nm at frequencies of up to 4 steps/s. For the piezo-device experiments, movements of pillar
arrays by the piezo stage (PI, model P-517) were controlled by a Modular Piezo Controller (PI,
model E-500) and a 10 MHz DDS function generator (Wavetek, model 29). Step sizes were first
calibrated by verifying a linear relationship between function generator voltage and step size. In
this way it was determined that 0.1 V corresponded to a step size of 0.6 nm. In a typical experiment
using the piezo-device, we took movies of areas of ∼6 × 6 pillar arrays. Within a single sequence,
there were very little pillar-to-pillar variations. In these experiments, the piezo-device moved 9 steps
(of 0.6 or 1.2 nm) in varying rates (2-5 steps per second) and at the end of this cycle it jumped
back to its starting position to start another cycle with the same parameters. Importantly, smaller
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and larger apparent steps were detected mostly at the edges of the curves, where the piezo-device
was either before or after the jump to the starting position, and therefore seemed to have been less
accurate. The data is thus probably an underestimation of the accuracy of the detection (Fig. 5.2).
Figure 5.2: Steps detected in the trace of pillars moved by piezo-stage. left: Tracking data of a
single pillar displaced by a piezo-device with 1.2 nm steps at 2 steps/s. Raw pillar displacement
data (grey), filtered data (red), and fittings using the step-detection algorithm (black). Right:
the frequency of detection and average step sizes detected using the step-fitting algorithm on data
obtained by piezo-controlled movements with 0.6 and 1.2 nm steps at different rates.
5.3.2.3 Construction of negative control data
As a control for thermal vibrations, light fluctuations, and detector noise, for each pillar we analysed
a ”step-free” curve derived from a polynomial fit to the displacement curve with added noise from
a pillar outside the cell. These negative control curves contained many fewer steps than the real
ones (Fig. 5.3 b), and pairwise distance analysis did not detect the 1.1 nm steps seen in the real
cell displacement data (Fig. 5.3 c).
When we applied the step-detection algorithm, we found that on average, each negative control
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curve contained ∼45% ramps. The steps that were found in the negative control curves (the
remaining ∼55%) were described by a single Gaussian distribution centred at 0.4 nm, with ∼90%
of the steps below 0.6 nm (Fig. 5.4 d), providing a threshold below which the steps detected were
attributed to noise.
Figure 5.3: Negative control experiments. (a) Example of real pillar displacement data (left, green),
along with its corresponding negative control data (right, grey) that was produced by adding the
noise to the polynomial fit of the real data (middle). (b) fitting negative control data (grey curve)
with the step-detection algorithm (fit displayed in black) shows small consecutive steps (mostly in
the range of 0.1-0.5 nm). (c) Pairwise distance of negative control data. Left: the average PDF for
pillar displacement shows a small peak at 0 nm in the negative control data. Right: normalized
power spectra of the PDFs on left.
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5.4 Results
5.4.1 Local contraction on pillars is composed of nanometer steps
With the demonstrated capability of detect nano-meter steps at 100 Hz, next we observed rigidity
sensing forces generated by CUs on 1.3 µm high, 0.5 µm diameter pillars (pillar stiffness = 8.4
pN/nm) during during P2 in the lamellipodium. We selectively analysed local contraction forces in
detected CUs as defined in the previous chapter. The high-frequency displacement curves contained
abrupt transitions (steps) from one pillar position to another and pairwise distance analysis showed
a step size of 1.1 ± 0.2 nm.
In some cases, the step-fitting algorithm detected steps of ∼1 nm with much smaller steps
immediately adjacent to them. Since it was clear that these small steps were not real backed by
the negative control experiment, they were merged with the adjacent large steps (Fig. 5.4 b). This
was only performed in cases where large transition from one pillar position to the next was very
clear; whenever there was any doubt, the fitting was left as-is.
When we applied the step-detection algorithm to the real cell displacement curves, the distri-
bution of detected steps was well-fitted with two Gaussians, one centred at 0.4 nm and the other
at 1.2 nm (Fig. 5.5 b). When the noise-dependent steps were subtracted from the real data, the
remaining steps had an average value of 1.2 ± 0.6 nm (mean ± SD).
Taken together, these results showed that contractions of CUs involved nanometre-scale steps
at a frequency of ∼2-3 steps/s and were reliably detected with our method.
Next, cells were plated on soft pillars (2.3 µm high, 0.5 µm diameter; stiffness = 1.6 pN/nm).
Since in vitro data showed bigger myosin step sizes under lower loads [59], we expected larger steps
on the softer pillars. However, the mean step size was indistinguishable on both rigidities: 1.2 ±
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Figure 5.4: Cells pull on pillars with nanometre-level steps. (a) Median-averaged displacement data
of a single pillar which was part of a CU at the cell edge (green) with the raw 100 Hz measurements in
grey, along with fitting data using the step-detection algorithm in black. (b) Steps merge example.
Top blow-up shows a merged step; original fit is displayed by red full line, modified fit is displayed
by black line.
0.7 nm for soft (n = 344 steps from 20 pillars) vs. 1.2 ± 0.6 nm for stiff pillars (n = 307 steps from
20 pillars).
5.4.2 Single myosin pulling events are observed in vivo as simultaneous steps
To further characterize the CUs, we analysed the very early stages of CU displacements toward
each other, during which only a few myosin molecules were expected to be involved. We observed
simultaneous steps (within ¡100 ms) towards the centre of the CU (inward) in both pillars during
early phases of displacement (Fig. 5.6 a). Also we observed unpaired pillars when the simultaneous
steps of the pillar pair were detected; these were used as controls to verify that the correlated steps
did not arise from similar fits of neighbouring pillar movements (Fig. 5.6 a). A plot of the time
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Figure 5.5: (a) Pairwise distance analysis of real data. left: the average PDF for pillar displacement
shows peaks at 0, ∼1.1, and ∼2.1 nm in the real data. right: normalized power spectra of the PDFs
on the left: a peak of 0.92 ± 0.02 nm−1,corresponding to a periodicity of 1.09 ± 0.03 nm, is observed
in the real data. (b) Histograms of the steps detected in the real and negative control data.
between the inward and outward steps showed a normal distribution centred at zero time in paired
pillars, whereas for unpaired pillars in the same field it is random. In paired pillars ∼70% of the
steps were correlated within the first 5 seconds of displacement compared to ∼20% in unpaired
pillars. (Fig. 5.6 b). The sum of simultaneous steps gave an average total displacement of 2.5 ±
0.6 nm on the stiff pillars and 2.4 ± 0.7 nm on the soft ones (Fig. 5.6 c), approximately 2-fold larger
than the mean step size for single pillars. Not all steps were simultaneous, but the lack of pairing
for some steps was attributed to interactions of filaments with other neighbouring pillars or with
the general flow of actin rearward. Simultaneous steps were not found in anti-parallel displacements
of neighbouring pillars that were not part of CUs (a completely random time-difference between
the steps was found in such pillars).
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Figure 5.6: Steps of paired pillars are simultaneous and antiparallel. (a) Image of paired pillars
that began to move at the same time (orange and green arrows in image on left; cell edge shown in
blue). Black arrows represent the movement vectors of unpaired pillars that were being displaced
at the same time(b) Histogram of the time difference between simultaneous steps in paired and
unpaired pillars. (c) Histograms of the sum of the displacements for simultaneous steps from paired
pillars on stiff (8.4 pN/nm) and soft (1.6 pN/nm) pillars.
These results indicated that an actomyosin structure connecting the pillars contracted by steps
of ∼2.5 nm about every 300 ms, and displaced each pillar approximately equally, providing strong
evidence that the displacements were driven by a single bipolar myosin filament.
5.4.3 Rigidity sensing is regulated by level of force
Since step sizes and maximal displacement of the pillars9 were the same regardless of rigidity, we
postulated that rigidity sensing was related to a difference in the pattern of steps between the stiff
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and soft pillars. Overall kinetics of pillar movements (measuring from the start to the maximal
displacement values), were similar for rigid and soft pillars at 2.5-3.5 nm/s. However, careful
examination of early stages of pillar displacement revealed that contraction of stiffer pillars began
with 3-5 steps within 1-2 seconds, followed by a stall period of ∼1-2 seconds, and then a subsequent
series of steps. In contrast, contraction of the softer pillars began with 10-12 steps before the pause
(Fig. 5.7 a). This was observed clearly in >65% of the pillars. In both cases, the pause was at a
force of ∼20 pN, and lasted a similar time: 1.8 ± 0.7 s (n = 20 pillars) and 1.6 ± 0.5 s (n = 21
pillars) for the stiff and soft pillars, respectively (mean ± SD). In comparison, before the pause,
the mean time between steps was nearly an order of magnitude smaller than the pause time, at
0.25-0.28 s.
Importantly, when extremely soft pillars were used (0.85 pN/nm), there were a large number
of steps without a pause and adhesive contacts often broke, releasing the force on pillars (Fig.
5.7 b). This resembled previous optical trap experiments using fibronectin-coated beads where
adhesions broke when the trap stiffness was very low [60]; however, with a high stiffness trap, there
was reinforcement of the cytoskeleton-ECM linkage following a stall period of a few seconds [53].
Therefore, we suggest that the rate of rise of force with the ultra-soft pillars was too slow and
linkages broke before the force threshold for reinforcement could be reached.
If reinforcement of the adhesions occurred during the pause, then proteins that could strengthen
the integrin-actin interaction such as α-actinin (which binds both to actin and integrin) might have
been recruited. Indeed, cross-correlation analysis between pillar displacements and GFP-α-actinin
intensity around pillars showed that its recruitment correlated strongly with force development,
whereas the recruitment of vinculin (binds to actin but not to integrin) did not. Initial forces were
developed seemingly without -actinin, possibly mediated by talin [27], but the peak in α-actinin
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Figure 5.7: Adhesion reinforcement at a specific force level is critical for rigidity sensing. (a) Typical
early displacement traces showing first force production cycles on stiff and soft pillars, along with
plots of the mean ± SEM number of steps. (b) Adhesion breakage observed on 0.85 pN/nm pillars.
Cell edge is marked in blue; yellow vector shows the noise level. Pillar marked with a red vector
is released by the cell and returns to zero force position at 180 s. ***p-value < 0.001, Student’s
t-test.
fluorescence (and not talin) preceded the peak in force development by ∼7.5 s, indicating that it
was required to reach peak force. Consistent with this, α-actinin recruitment typically increased
dramatically during pauses in displacement. We suggest that the pause at a force level of ∼20 pN
was for adhesion reinforcement that was needed for further force development.
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5.4.4 Tropomyosin 2.1 regulates forces for local rigidity sensing
The constant step size indicated that there was a structural restriction of motor movement, perhaps
due to Tpm, which mechanically alters myosin binding to actin in muscle [28,61,62].
To test this, we analysed the effect of Tpm2.1-KD on cell spreading on different rigidities.
Whereas Tpm2.1-KD cells spread equally on both stiff and soft pillars after 1 hour, control cells
spread to ∼1.5-fold greater area on stiff pillars compared to soft ones (Fig. 5.8 a). Also, control cells
were polarized and elongated, but Tpm2.1-KD cells were typically round. These results indicated
that Tpm2.1-KD cells were defective in their rigidity sensing [63]. Importantly, after Tpm2.1-
KD, the local contractions were highly disorganized and pillar displacements were significantly
larger than in control cells (with even higher displacements on softer pillars; Fig. 5.8 b). Further,
the rate of pillar movement increased 2-fold compared to control rates (Fig. 5.8 c). Analysis of
stepping movements in Tpm2.1-KD cells revealed step sizes of up to ∼5 nm that were not observed
in controls, and an average step size of 2.2 ± 0.7 nm (Fig. 5.8 d). In many cases, high forces
caused release of pillars (similar to the ultra-soft pillars) and halted further spreading, possibly
due to impaired adhesion development. Indeed, control cells plated on fibronectin-coated coverslips
for 1 hour formed large, elongated adhesions, but the Tpm2.1-KD cells formed only small, round
adhesions at the cell edge (Fig. 5.8 e), indicating that CUs were important for the development
of focal adhesions and cell spreading. As a control for the specificity of Tpm2.1, we knocked down
Tpm1.6 and Tpm1.7 and found that pillar movements had the same step size as controls, consistent
with the absence of these isoforms from the cell edge.
Taken together, these results indicated that Tpm2.1 controlled myosin stepping on anti-parallel
actin filaments and was linked to the systems that regulated overall displacement in contractile
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Figure 5.8: Tpm2.1 regulates force production, step size, and adhesion growth. (a) Average area of
cells transfected with non-targeting SiRNA (control) and Tpm2.1-KD cells after 1 hour of spreading
on stiff and soft pillars . (b) Maximal displacements of pillars when control and Tpm2.1-KD cells
were plated on stiff and soft pillars. (c) Left: Typical pillar displacement by a Tpm2.1-KD cell.
Right: quantification of pillar displacement rates by Tpm2.1-KD and control cells. (d) Average
step sizes for control and Tpm2.1-KD cells. Red lines are the median values, the edges of the
blue boxes are the 25th and 75th percentiles, the whiskers extend to the most extreme data points
not considered outliers, and outliers are plotted individually as red dots. (e) Left: Micrographs
showing paxillin-GFP in Tpm2.1-KD and control cells. Right: Quantification of adhesion sizes in
Tpm2.1-KD and control cells. ***p-value < 0.001, Student’s t-test. [27]
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units, as well as matrix rigidity sensing.
5.5 Discussion
Rigidity sensing is a fundamental function that is highly dynamic, occurs on small length-scales,
and affects many cell processes. In these studies, sarcomere-like CUs contract 500 nm pillars by
nanometre-level steps for rigidity sensing. Applying our analysis method to lamellipodial CUs,
we reliably find single pillar steps of about 1.2 nm at low and intermediate rigidities that differ
significantly from noise. In contractile pairs of pillars, there are simultaneous, anti-parallel dis-
placements of ∼2.5 nm. This step size is smaller than the working stroke size of myosin-II reported
from single-molecule in vitro studies [56]; however, it is consistent with the fact that the stroke
size decreases when the velocity of actin filament sliding is low [64] and when Tm is present [65].
Our measurements also correlate well with the in vitro movements of actin filaments by myosin
filaments that occur in steps of 2.7 nm [66].
Nanometre-level movements could theoretically originate from several different mechanisms,
including conformational changes of adhesion proteins, receptor movements, subtraction of single
actin monomers from filaments attached to pillars, or myosin contractions. While we cannot com-
pletely rule out other possibilities, several observations indicate that the steps are due to myosin
contraction: I. simultaneous anti-parallel steps of pillar pairs indicate that the pairs are joined by
a single CU of about 2 mm in length. II. The CUs contain many sarcomere proteins and a single
bipolar myosin filament. III. A bipolar myosin filament with only few myosin heads engaged can
produce ∼30-50 pN [59] and the pause force of 20-30 pN fits well with this stall force [67, 68]. IV.
The depletion of Tpm changes the step length as expected for myosin movements controlled by
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Tpm.
Assuming that contractile steps are myosin dependent, there are two different mechanisms that
could account for the 2.5 nm step size. The first possibility is that the steps we detect are not the full
myosin working stroke; this is in line with recent X-ray interference and mechanical measurements
of sarcomeres that suggest that the myosin stroke size occurs by sub-steps of ∼2.75 nm [64, 69].
The second possible mechanism is based on recent measurements that show that Tpm limits the
binding of myosin to actin [61, 62]. Under this model, a myosin filament effectively moves from
one actin monomer on a single strand to the next on the neighbouring strand, thus displacing the
actin filament by half the length of an actin monomer, i.e., ∼2.7 nm. This latter model is more
favourable since Tpm depletion not only increases step size, but also the velocity. Thus, under this
model, in the absence of Tpm2.1 there are more available binding locations for myosin on the actin
filaments, allowing it to produce high forces rapidly.
In terms of the molecular mechanism of rigidity sensing, we propose that it is not the step size
or rate of stepping, but rather exceeding a force threshold of ∼20 pN that triggers a pause for
reinforcement and establishment of a strong adhesion. This pause is best explained by the fact
that under high loads the lifetime of myosin-actin attachment increases substantially [70] (another
process that could contribute to the pause is the ‘latch state’ of myosin heads, which can occur
when light chains of bound myosin heads are de-phosphorylated, leaving myosin bound and still
generating tension [71, 72]). Since the force-producing mini-filaments contain a small number of
myosin heads, the ∼20 pN force level puts each head under a high load where it is in a strongly
actin-bound state [70], resulting in a plateau in the displacement curve. Since the step length is
constant regardless of rigidity, the myosin heads need to move many more steps on softer pillars to
develop the same tension. Once the threshold force is reached, there is reinforcement of the integrin
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adhesions that involves recruitment of α-actinin and presumably other adhesion proteins [73]. After
reinforcement, forces on adhesions continue to increase, perhaps through further activation or
recruitment of myosin. On ultra-soft surfaces the force does not rise rapidly enough to induce
a pause, and the adhesions dissociate without reinforcement. Conversely, adhesion breakage is
observed also in the absence of Tpm2.1 due to the very high forces that are produced rapidly.
This model suggests there is an accumulation of mechanically-activated signals over time. Thus,
the connection between force and vital cellular signals should be further studied by long-term
tracking of forces, protein dynamics, and activation of signalling cascades.
5.6 Conclusions
In these studies, we described a method to measure subcellular forces with high temporal and spatial
resolution. We found that actomyosin-based sarcomere-like contractile units (CUs) simultaneously
moved opposing pillars in net steps of ∼2.5 nm, independent of rigidity. What correlated with
rigidity was the number of steps taken to reach a force level that activated recruitment of α-actinin
to the CUs. When we removed actomyosin restriction by depleting tropomyosin 2.1, we observed
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